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Abstract □ Recombinant human keratinocyte growth factor (rhKGF) is 
a fairly unstable protein, posing a challenging problem for long-term 
storage. During storage, the protein unfolds at relatively low temperatures 
and the unfolded proteins aggregate rapidly, leading to the formation of 
large visible precipitates. Thermal unfolding of rhKGF displays a similar 
pattern, i.e., unfolding is followed immediately by aggregation as the 
temperature is increased. As the unfolding and aggregation (precipitation) 
of rhKGF limit the storage life of the protein, a search for stabilizers to 
suppress rhKGF unfolding and aggregation has been done by examining 
the effects of excipients on thermal melting temperature and on the rate 
of protein aggregation during storage. Sulfated polysaccharides and citrate 
are found to be effective in increasing the melting temperature of rhKGF 
or preventing its aggregation. In particular, 0.5% (w/v) heparin and high 
molecular weight dextran sulfate, and 0.5 M citrate are highly effective, 
decreasing the rates of rhKGF aggregation by about 50-fold. Other 
negatively charged small ions, such as phosphate, also have moderate 
stabilizing effects on rhKGF. A mechanistic study of the aggregation 
pathway of rhKGF has led to a better understanding of the stabilizing 
effects of these molecules. Molecules which enhance rhKGF conforma- 
tional stability are capable of effectively suppressing rhKGF aggregation. 



Introduction 

Fibroblast growth factors (FGF) are potent mitogens for a 
variety of cells from mesenchymal origin and play an impor- 
tant role in promoting wound healing and angiogenesis. 1 " 5 
Keratinocyte growth factor (KGF) is one of nine currently 
identified members of the FGF family, having proliferative 
and differentiating effects specifically on epithelial cells 
including keratinocytes. 6 * 7 This is in contrast to other mem- 
bers of the FGF family that do not have this effect. Thus, 
KGF may prove useful as a therapeutic agent in the treatment 
of diseases of and injuries to epithelial tissues. 

FGF proteins often undergo rapid aggregation at elevated 
temperatures. 4 Acidic FGF shows physical instability at 
physiological temperatures and unfolds in the absence of 
protecting agents such as heparin. 8 - 9 This aggregation prop- 
erty, which is shared among the FGF family members, is 
probably due to either the specific hydrophobic nature of the 
unfolded polypeptide chains of these proteins or labile folding/ 
unfolding intermediates that lead to off-pathway products. 10 
This instability limits the shelf life of these proteius and 
creates challenges for formulation development. 

Cloned and expressed in Escherichia coli, recombinant 
human keratinocyte growth factor (rhKGF) contains 163 
amino acid residues. 6 * 7 * 1112 The native protein is made of a 
single polypeptide chain and contains two disulfides and a 
buried cysteine residue. Slow aggregation, observed during 
purification and storage of the protein, becomes a major 
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obstacle to obtaining a long shelf life for rhKGF in solution. 
Liquid formulation work has been focused on elucidation of 
the aggregation mechanisms and on searching for stabilizers 
to prevent rhKGF aggregation. 



Experimental Section 

Materials— Recombinant human KGF was prepared as described 
previously. 1314 The rhKGF preparation used had a purity >95%, 
eluting as a single peak on reverse-phase, ion-exchange, and size- 
exclusion high performance liquid chromatography (HPLC). 

All chemicals used were of analytical grade. Heparin, dextran, 
dextran sulfate, heparan sulfate, pentosan polysulfate, chondroitin 
sulfate C, and D-glucose 6-sulfate were obtained from Sigma Chemical 
Co., St. Louis, MO, and sucrose octasulfate was obtained from Toronto 
Research Chemicals Inc., Downsview, Ontario, Canada. Dulbecco's 
phosphate-buffered saline (D-PBS) was obtained from Gibco BRL life 
Technologies Inc., Gaithersburg, MD. High-purity water and aceto- 
nitrile (Burdick and Jackson Brand) were obtained from Baxter 
Diagnostics Inc., Muskegon, MI. High performance liquid chroma- 
tography/Spectro grade trifluoroacetic acid (TFA) and sequanal grade 
8.0 M guanidine hydrochloride (GdnHCl) were obtained from Pierce, 
Rockford, IL. 

In Vitro Mitogenic Assay-The in vitro mitogenic assay was 
performed using a mouse epidermal keratinocyte cell line, Balb/MK, 
essentially according to the method of Falco et al. (1988). IB 

Circular Dichroism (CD) Spectra-For CD analysis, 0.5 mg/ 
mL rhKGF was prepared either in D-PBS or in 6 M GdnHCl by simply 
mixing a concentrated protein stock solution with D-PBS or the 8 M 
GdnHCl solution. Far-UV CD spectra of these two protein samples 
were obtained with a Jasco-720 spectropolarimeter ( Jasco Inc., Easton, 
MD) using a 1-mm pathlength cylindrical quartz cell. 

Thermal Unfolding by Circular Dichroism— Samples of rhKGF 
in D-PBS at 0.1 mg/mL were loaded into a 10-mm pathlength quartz 
cell with a magnetic stirring bar. The cell was then placed in a Jasco 
JTC-o43 Peltier cell holder located in the Jasco-720 spectropolari- 
meter. The CD signals and high-tension voltages of the photomul- 
tiplier were recorded as a function of increasing temperature, all using 
Jasco software and a PC computer. The difference between the 
temperature shown on the temperature control program and the 
temperature of the sample solution inside the cell was calibrated by 
a Model 8502-10 portable thermometer equipped with a YSI 427 
thermistor probe purchased from Cole-Parmer Instrument Co., Niles, 
IL. Figure 2 uses uncorrected temperatures, and Figure 3 and Table 
1 use corrected temperatures. In both Figures 2B and 3B, the high- 
tension voltage has been converted to absorbance by the JTC-340 
program after correcting for the buffer contribution. 

The apparent thermal melting temperature (TVapp) was determined 
by finding a midpoint temperature between the native (linear 
interpolation of the native region) and the denatured form (either the 
lowest point or linear interpolation of the unfolded region) on thermal 
unfolding curves. The initial temperature at which the thermal 
unfolding transition occurs (T^) was also determined as a .cross point 
between linear interpolations of the native region and the unfolding 
transition region from thermal unfolding curves. 

Thermal Unfolding by DSC and UVMs— The thermal unfolding 
of selected samples was examined by differential scanning calorimetry 
(DSC) and UV/vis spectroscopy. The unfolding thermogram was 
determined on a Hart DSC (Hart Scientific, Pleasant Grove, UD using 
0.52 mL of a 0.5 mg/mL rhKGF solution in 20 mM sodium phosphate 
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Table 1— Effort of Sulfated and Unsuffated Polysaccharides on Thermal 
Unfolding of rtiKGF 
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* 0.1 mg/mL rtiKGF in D-PBS. b 0.5 mg/mL rhKGF in 20 mM sodium phosphate, 
150 mM NaCI, pH 7.0. c Heparin had an average molecular weight of 18 000 Da. 
"3.26 mg/mL was used for CO; 0.5 mg/mL for UV/vis absorbance. 

Table 2-HatHlm for Loss of Soluble rhKGF upon 37 °C Storage In 
Various Formulations As Examined by IEX-HPLC 



Formulation (all at pH 7) 



fi«al 37 °C (day) 



1 0 mM Sodium phosphate/ 

140 mM Nad 
10 mM Sodium phosphate/5% 

(w/v) sorbitol 
10 mM Sodium phosphate/9% 

(w/v) sucrose 
10 mM Sodium phosphate/ 

100mMNaCi/0.4% 

(w/v) L-aspartic acid 
10 mM Sodium phosphate/ 

100mMNaCV0.7% 

(w/v) (.-glutamic acid 
100 mM Sodium phosphate 
1 00 mM Sodium citrate 
500 mM Sodium citrate 
10 mM Sodium phosphate/140 

mMNaCI/0.5% 

(w/v) heparin 



1.8 
1.6 
1.7 
2.6 

2.4 



15 
25 
66 
105 



and 150 mM NaCI at pH 7 and a heating rate of 60 °C/h. The results 
were converted to heat capacity data and corrected for the blank 
(obtained from a second heating cycle of the same samples; rhKGF 
precipitates during the initial run, leaving only buffer for the second 
run) with the Hart software. The midpoint of the aggregation 
exotherm was designated as T ex and was used to determine the 
stability of the rhKGF in the various formulations tested. The 
increase in light scattering upon unfolding and/or aggregation was 
followed by absorbance at 287 nm with heating in a Gilson Response 
II spectrophotometer, equipped with a Peltier thermal cuvette holder 
(Ciba Corning, Pleasanton, CA). The rhKGF at concentrations of 0.5 
mg/mL prepared in 20 mM sodium phosphate and 150 mM NaCI at 
pH 7 was analyzed in thermal cuvettes with a pathlength of 10 mm 
and heating rates of 0.5 °C per reading. A typical experm* nt covering 
60 °C took about 3 h. The temperature at which the absorbance 
begins to increase was designated as T\ M and was applied to detect 
starting of the rhKGF unfolding and/or aggregation for various 
formulations. 

Formulation Setup and Sample Analysis— Formulations and 
protein analysis (ion-exchange HPLC, size-exclusion HPLC, UV/vis 
absorbance, and SDS-PAGE) were described elsewhere, 14 with the 
exception that the ion-exchange and size-exclusion HPLC methods 
were run on a Hewlett-Packard (HP) 1050 liquid chromatography 
system (Hewlett-Packard Co., Palo Alto, CA). The osmolarities of 
formulation samples were measured by a Model 5500 vapor pressure 
osmometer from Wescor Co. (Logan, UT). 

Reverse-phase HPLC (RP-HPLC) analysis of rhKGF Bamples was 
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Figure 1-Far-UV CD spectra of native (in D-PBS) and unfolded (in 6 M GdnHCI) 
rhKGF. 

performed using an HP 1090 liquid chromatography system equipped 
with an HP 3D Chemstation for data acquisition. Absorbance at 220 
nm was monitored on an HP diode-array detector. Injected samples 
were first equilibrated for 5 min in 75% buffer A [0,1% (v/v) TFA/ 
water! and 25% buffer B |90% (v/v) acetonitrile and 0.1% (v/v) TFA/ 
water} in a Vydac TP 214 C4 column (250 mm x 4.6 mm) purchased 
from Alltech Associates, Inc. (Deerfield, ID. The protein was 
subsequently eluted using step gradients at a flow rate of 0.7 mU 
min, first from 25% buffer B to 35% buffer B in 10 min, then from 
35% to 50% in 30 min, and finally from 50% to 95% in 10 min. 

Quantification of Soluble rhKGF-Soluble rhKGF was quanti- 
fied by absorbance measurements at 280 nm. Samples were centri- 
fuged at 1500Q? for 5 min and the supernatants collected for 
absorbance measurements. Soluble rhKGF was also quantified by 
HPLC methods. Samples were first filtered through 0.22 /<m Cos tar 
Spin-X filter units (Cambridge, CA), which yieldeu clear filtrates, 
indicating that precipitates had been filtered out. The filtrates were 
loaded onto the HPLC columns, and the HPLC peak area correspond- 
ing to the monomelic form was integrated. Kinetic parameters, such 
as rate constants and half-lives for loss of soluble monomeric rhKGF 
upon incubation at elevated temperatures, were determined by 
performing a single exponential fitting to kinetic curves of the 
integrated peak area versus the storage period. 



Results and Discussion 

Thermal Unfotftag of rhKGF-Recombinant hKGF is a 
relatively unstable protein and undergoes rapid aggregation 
at elevated temperatures. A sample containing 0.5 mg/mL 
i hKGF prepared in an isotonic phosphate-buffered solution 
shows that the half-life of soluble rhKGF, as measured from 
its disappearance, is less than 2 days at 37 °C (Table 2). The 
rapid aggregation of rhKGF at elevated temperatures may 
be a consequence of its conformational instability. 

The thermal unfolding of rhKGF prepared in D-PBS was 
studied by far-UV circular dichroism (CD). Figure 1 shows 
CD spectra for the native (in D-PBS) and the unfolded (in 6 
M GdnHCI) forms of rhKGF. Since thermal unfolding of 
rhKGF was accompanied by aggregation and precipitation, it 
was not possible to obtain a CD spectrum for the thermally 
unfolded rhKGF. Instead, the CD spectrum for the unfolded 
rhKGF was measured in 6 M GdnHCI. The CD spectrum of 
the native rhKGF in D-PBS shows a positive peak at 230 nm, 
most likely reflecting the tertiary structure associated with 
ring stacking in /Mums or loops. 16 This 230 nm peak 
decreases with increasing GdnHCI concentration (Chen, B.- 
L.; Arakawa, T., unpublished results) and disappears upon 
complete unfolding by 6 M GdnHCI. Therefore it was used 
to monitor the conformational change during thermal unfold- 
ing of rhKGF. 

(1) Thermal Unfolding of rhKGF in D-PBS is Not 
an Equilibrium Process between the Native and Unfolded 
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Figure 2-Thermal unfolding of rhKGF at 0.1 mp/mL in D-PBS with varying 
temperature-ramping rates measured by circular dichroism (ellipticity) (A) and 
absorbance (B) at 230 nm. Four unfolding experiments were carried out at 
temperature-ramping rates of 10, 20, 50, and 100 °C/h, respectively. 

Proteins— The thermal unfolding of 0.1 mg/mL rhKGF pre- 
pared in D-PBS was followed at different temperature ramp- 
ing rates. Figure 2 shows four thermal unfolding curves at 
temperature ramping rates of 100, 50, 20, and 10 °C/h, 
respectively. Thermal unfolding was followed by two signals, 
ellipticity and absorbance, which were simultaneously de- 
tected from the same CD instrument, converted from the high- 
tension voltage of the photomultiplier at 230 nm. As shown 
in Figure 2A, the CD signal of the native rhKGF first 
decreases slightly with increasing temperature, indicating a 
dependence of the native CD signal on temperature. A sharp 
decrease in the CD intensity subsequently occurs around 46- 
52 °C (depending on the temperature ramping rate), indicating 
protein unfolding. The unfolding is accompanied by a sharp 
increase in absorbance (Figure 2B), reflecting light scattering 
due to protein aggregation. There is a noticeable temperature 
lag between the temperatures at which unfolding starts and 
th temperatures at which light scattering starts to increase. 
For example, at the 50 °C/h temperature-ramping rate, the 
initial temperature for unfolding was 50 °C, while the initial 
temperature for light scattering was 52 °C. As the tempera- 
ture is further increased, the loss of CD signals and concomi- 
tant decrease of the absorbance occur, reflecting precipitation. 

Figure 2 illustrates that when the temperature-ramping 
rate was decreased, the unfolding was shifted to a lower 
temperature. This is similar to the results obtained by 
Sanchez-Ruiz et ai during their thermal unfolding study of 
thermolysin by differential scanning calorimetry. 17 They have 
found that the thermal melting temperature of thermolysin 
depends strongly on the scan rate, suggesting that the 
denaturation process is kinetically controlled. This was 
suggested because equilibrium was not reached between the 
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Figure 3-Thermal unfolding of rhKGF with varying protein concentrations 
measured by circular dichroism (ellipticity) (A) and absorbance (B) at 230 nm at 
a fixed temperature-ramping rate of 50 °C/h. Three thermal unfolding curves are 
for protein concentrations of 0.2, 0.1, and 0.05 mg/mL, respectively. CD signals 
of 0.2 and 0.1 mg/mL rhKGF samples were normalized to the 0.05 mg/mL rhKGF 
sample for comparison. 

native and unfolded forms, either due to the rate of unfolding 
being slow relative to the scan rate used, or because the 
subsequent aggregation reaction shifted the equilibrium 
toward the denatured state, or both. Extensive aggregati n 
appears to follow denaturation of rhKGF (after a temperature 
lag or a time lag) as manifested by a sharp increase in light 
scattering of the solution. 

(2) Thermal Unfolding of rhKGF in D PBS is Not a 
Reversible Process— All samples in the varying-temperature 
ramping-rate experiments showed visible precipitates after 
thermal unfolding and exhibited no refolding after cooling. 
Reversibility of thermal unfolding of rhKGF was examined 
at a fixed-temperature ramping rate 50 °C/h, but with varying 
protein concentrations of 0.05, 0.1, and 0.2 mg/mL prepared 
in D-PBS. Thermal unfolding curves of rhKGF at these three 
protein concentrations are shown in Figure 3. Upon increas- 
ing temperature, rhKGF first unfolds with a sharp decrease 
in CD signal at 230 nm (Figure 3A). The initial unfolding 
temperature appears independent of protein concentration 
and this may suggest that the rate-limiting step is unfolding, 
i.e., slow unfolding, rather than aggregation. After a small 
lag (probably a time lag rather than a temperature lag), an 
increase in light scattering is observed (Figure 2B). The 
temperature at which light scattering occurs depends appar- 
ently on the rhKGF concentration in the sample. light 
scattering occurs at higher temperatures in samples which 
contain lower rhKGF concentrations. Finally, loss of the CD 
signal corresponding to protein precipitating out f solution 
(visible precipitates) was observed. 

The observation of a lag between unfolding (m nitored by 
CD) and aggregation (monitored by increase in absorbance 
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converted from the high-tension voltage of the photomultiplier 
of the CD instrument) is due either to the fact that light 
scattering depends strongly on the size of the aggregates 
formed or to the presence of a nucleation step in forming large 
soluble aggregates. A lag is often observed for polymerization 
of proteins into large biological structures. 18 For example, a 
time delay was observed as a nucleation step in the aggrega- 
tion of deoxyhemoglobin S to form long fibers. 19 

Reversibility was also examined by cooling down the 
thermally denatured rhKGF samples to temperatures below 
the thermal-unfolding transition region, where little or no 
refolding was observed. When the cooled samples were 
examined by HPLC methods (ion-exchange, size-exclusion, 
and reverse-phase) after passing through 0,22 /im Costar 
Spin-X filter units, an rhKGF peak was not observed. The 
native rhKGF had been converted to precipitates, rendering 
the thermal unfolding of rhKGF irreversible. 

In addition to CD, DSC and UV/vis absorbance were applied 
to follow thermal unfolding of rhKGF. These experiments 
were carried out at a higher rhKGF concentration (0.5 mg/ 
mL) in 20 mM sodium phosphate and 150 mM NaCl at pH 7. 
The differential scanning calorimetry thermal-melting profile 
of rhKGF showed mainly an aggregation exothermic peak 
which apparently overwhelmed the unfolding endothermic 
peak at this protein concentration. A second thermal scan 
after cooling showed no thermogram, confirming the irrevers- 
ibility of the thermal unfolding. 

The UV/vis absorbance trace of rhKGF thermal unfolding 
showed an abrupt increase at a specific temperature upon 
heating, indicating that light scattering occurs due to ag- 
gregation. The sharp increase in absorbance at a specific 
temperature suggests that aggregation may follow a confor- 
mational change. Otherwise, a gradual increase in light 
scattering upon heating would be expected. Wetzel et al. have 
found that the rate constant for thermal inactivation of T4 
lysozyme was greatly increased at the temperature at which 
the protein underwent thermal unfolding. 20 It is possible that 
unfolding or partial unfolding of rhKGF accelerates the 
aggregation rate. 

The thermal unfolding results suggest that rhKGF under- 
goes slow unfolding at elevated temperatures. The unfolded 
or partially unfolded proteins aggregate immediately after 
denaturation and these aggregates subsequently form in- 
soluble precipitates. This aggregation/precipitation pathway 
correlates well with what we have observed from a detailed 
kinetic characterization of the aggregation mechanism of 
rhKGF in solutions at 37 °C by HPLC and SDS-PAGE." 
Kinetic experiments show that the folded monomer of rhKGF 
slowly disappears with time and that soluble aggregates are 
formed. No unfolded monomer could be detected by any one 
of three types of HPLC (ion-exchange, size-exclusion, and 
reverse-phase). These aggregates are converted to highly 
cross-linked precipitates. Thus, both thermal unfolding and 
aggregation kinetic studies suggest that unfolding is the initial 
step in the aggregation/precipitation pathway. It is possible 
that unfolding intermediates instead of the fully unfolded form 
may trigger aggregation. 21 In fact, Dabora et al. have sug- 
gested the presence of an early intermediate in their stady of 
refolding kinetics of aFGF, a homologous protein to KGF. 8 
Kinetic experiments examining the presence of unfolding 
intermediates of rhKGF are underway (Chen, B. L.; Arakawa, 
T., unpublished results). However, it is advantageous to 
prevent aggregation at the initial unfolding stage, whether 
or not aggregation starts from fully unfolded form or partially 
unfolded intermediates. Thus we have focused our search for 
stabilizers that can enhance conformational stability of rh- 
KGF. 

Effects of Vari us Additives on rhKGF Stability-^; 
Heparin and Sulfated Polysaccharides— Heparin and its analo- 



gous polysaccharides, such as heparan sulfate, dextran sul- 
fate, pentosan polysulfate, and chondroitin sulfate, have been 
found to enhance the stability of acidic fibroblast growth factor 
(aFGF) and basic fibroblast growth factor (bFGF) and to 
prevent protein aggregation of aFGF 9 - 22 and bFGF. 23 The 
effects of these polysaccharides on the conformational stability 
of rhKGF were examined. We have included two highly 
sulfated mono- and disaccharides and two unsulfated polysac- 
charides for comparison. Table 1 shows the difference in 
apparent melting temperature of rhKGF, &T mAVpt in the 
absence and presence of these compounds measured by CD 
using a temperature-ramping rate of 50 °C/h. Since aggrega- 
tion/precipitation may affect determination of the thermal 
melting temperature, the temperature at which unfolding 
starts (Tun) was also determined, as it is relatively less affected 
by aggregation/precipitation. The difference in r ua is listed 
in Table 1. In most cases, it seems that the observed 
difference in stability expressed by r mi , pp correlates well with 
that by T us . 

The differences in the temperatures determined from the 
maximum of the exothermic peak on DSC thermogram (T ei ) 
and from the initial increase in the absorbance at 287 nm (Tu) 
are also included in Table 1. Although T ex and T\ B associate 
with the aggregation event and 7V app and T ua are related to 
the unfolding transition, they correlate with one another in 
terms of the relative ability of the additives to increase the 
stability of rhKGF because of the coupling between unfolding 
and aggregation. Their absolute values depend on the protein 
concentrations and techniques used, because of the complexity 
of the unfolding process. 

Among the compounds tested, a dextran shows no increase 
in T m app , indicating no stabilization. D-Glucose 6-sulfate 
shows a marginal stabilization effect as it increases T m>ap p of 
the protein by only 1 °C. Sucrose octasulfate shows a 
moderate effect, increasing T m , app by 6 °C and sulfated 
polysaccharides, such as heparin, dextran sulfate, pentosan 
polysulfate, and chondroitin sulfate C, all show a substantial 
increase in 7V Qpp . 

AT m , app appears to depend on the molecular weight of these 
polysaccharides (or the number of sugar units). For example, 
an increase in heparin molecular weight from about 3400 to 
18 000 Da increases Ar m , app by 1 °C. Similarly, an increase in 
dextran sulfate molecular weight from 5000 to 500 000 Da 
results in about a 3 °C increase in Ar m , app . This probably has 
something to do with the binding affinity of these compounds 
to rhKGF as is implied in the case of aFGF. 9 - 24 The increase 
from short-chain saccharides to long-chain saccharides may 
increase the binding affinity for the protein and is thermo- 
dynamically more favored. 

Heparin, heparan sulfate, and dextran sulfate with a 
molecular weight of 500 000 Da can increase T m , app by more 
than 10 °C according to all of the techniques used and 
significantly enhance the conformational stability of the 
protein. To investigate the ability of sulfated polysaccharides 
to suppress rhKGF aggregation under accelerated stability 
testing, solutions containing 0.5 mg/mL rhKGF were prepared 
in 0.5% (w/v) heparin, 10 mM sodium phosphate, and 140 mM 
NaCl at pH 7. A control was prepared without heparin. The 
amounts of soluble rhKGF in these two samples after incuba- 
tion at elevated temperatures were quantified by IEX-HPLC. 
At 37 °C, the half-life for the loss of soluble rhKGF was 105 
days with heparin and 1.8 days without heparin (Table 2). 
Addition of 0.5% heparin increases the half-life of soluble 
rhKGF by about 60-fold, 

Stabilizers examined in Table 1 all have common properties, 
i.e., they all contain negative charges. Electrostatic interac- 
tions between these stabilizers and rhKGF may play a critical 
role in the stabilization of rhKGF, which is a very basic 
protein. These compounds may stabilize rhKGF by interact- 
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inn with positively charged clusters on the surface of the 
native protein, thus decreasing the electrostatic repulsion 
between positively charged residues in these clusters. 

(2) Citrate and Other Stabilizers-la a previous report. 
rhKGF has shown maximum stability at neutral pM. 1 ne 
rate of aggregation is slower at neutral pH than at either 
acidic or basic pHs. Protein solutions containing 0.5 mg/mL 
rhKGF were prepared in various fonnulations as listed in 
Table 2 and stored at 37 °C. The amount «f soluble rhKGF 
in stored samples were analyzed by IEX-HPLC and showed 
first-order decay kinetics. Half-lives for the loss of soluble 
rhKGF for different formulations were determined by per- 
forming o single expenential fitting to kinetic curves of the 
remaining soluble rhKGF versus storage time and are shown 
in Table 2. 

At 10 mM sodium phosphate, formulations containing 5% 
(w/v) sorbitol or 9% (w/v) sucrose or 140 mM NaC 1 show about 
1 6- 1 8 day half-lives. These three formulations have similar 
osmolarities (282, 304, and 304 mmolrteg for formulations 
containing NaCl. sucrose, and sorbitol, respectively), but 
different ionic strengths. It appears that the difference in 
ionic strength in these three samples plays a minor role in 
the stabilization of rhKGF. The addition of 0.4% w/v) 
t-aspartic acid or 0.7% (w/v) L-glutamic acid ^ fo™" 18 *! 0 " 8 
containing 10 mM sodium phosphate and 100 mM NaCI 
increases the half-lives to 2.4-2.6 days. Ammo acids with 
acidic side chains appear to have small stobi izmg effe^ on 
rhKGF. The resulting increase in half-life is less than 2-fold. 
On the other hand, phosphate appears to be a moderate 
stabilizer for rhKGF. The half-life can be increased bj -8.3- 
fold by increasing the phosphate concentration from 10 to 100 
mM. 

Among the small ions tested, sodium citrate was the most 
effective in stabilizing rhKGF. At 100 niM. phosphate had a 
half-life of 15 days and citrate had a half-life of 25 days for 
the loss of soluble rhKGF. As discussed in a previous report, 
this may be as a result of the increased number of negatively 
charged groups in citrate ions than phosphate ions at neutral 
pH It is possible that more negative charges, as weU as the 
geometric arrangement of these charges , make citrate ^nteract 
better with the positively charged residues on rhKGF, which 
results in better stabilization of the native conformation ot 
the protein. During a separate thermal unfolding experiment, 
50 mM sodium citrate showed a 3 "C increase in the thermal 
melting temperature of rhKGF as compared with that of 
D-PBS. This is consistent with our hypothesis of the mecha- 
nism of conformational stabilization by citrate. 

Further increase in the citrate concentration to 500 mM 
increases the half-life for preserving soluble rhKGF to 88 days. 
This is a 50-fold increase compared with the phosphate- 
buffered saline formulation (1.8 days). The effect of citrate 
on preserving the native rhKGF conformation upon storage 
at elevated temperatures was examined by the in vitro 
autogenic bioassay. Figure 4 shows the percentage of the in 
vitro bioactivity of rhKGF as a function of citrate concentra- 
tion after incubation at 37 °C for 6 months. The rhKGF 
bioactivity increases with increasing citrate concentration in 
the formulations, demonstrating that preservation of the 
bioactivity of rhKGF also depends on citrate concentration. 

Both heparin and citrate are able to prevent rhKGF 
aggregation to a great extent They both stabilize rhKGF 
craformationally and prevent rhKGF aggregation at very 
early stages on the aggregation pathway. They should be very 
useful in the formulation of rhKGF. Heparin u already 
known to stabilize other members of the FGF family. If 
electrostatic interaction plays a key role in stabilizing the FGF 
family members, citrate could be a good stabilizer for ther 
FGF family members as well. 
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p lgure 4-Dependence of in vitro bioactivity of rhKGF samples on citrate 
concentration. rhKGF samples at 0.5 mg/mL prepared in 100-500 mM sodium 
citrate were incubated at 37 °C for 6 months and then assayed for m vitro 
mitogenesis. 
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